We present a case-control study of seven polymorphisms of six genes involved in homocysteine/folate pathway as risk factors for Down syndrome. Gene-gene/allele-allele interactions, haplotype analysis and the association with age at conception were also evaluated. METHODS: We investigated 94 Down syndrome-mothers and 264 control-women from Campania, Italy. RESULTS: Increased risk of Down syndrome was associated with the methylenetetrahydrofolate reductase (MTHFR) 1298C allele (OR 1.46; 95% CI 1.02-2.10), the MTHFR 1298CC genotype (OR 2.29; 95% CI 1.06 -4.96), the reduced-folate-carrier1 (RFC1) 80G allele (1.48; 95% CI 1.05-2.10) and the RFC1 80 GG genotype (OR 2.05; 95% CI 1.03-4.07). Significant associations were found between maternal age at conception Ն34 years and either the MTHFR 1298C or the RFC 180G alleles. Positive interactions were found for the following genotype-pairs: MTHFR 677TT and 1298CC/CA, 1298CC/CA and RFC1 80 GG/GA, RFC1 80 GG and methylenetetrahydrofolate-dehydrogenase 1958 AA. The 677-1298 T-C haplotype at the MTHFR locus was also a risk factor for Down syndrome (P ϭ 0.0022). The methionine-synthase-reductase A66G, the methionine-synthase A2756G and the cystathionine-beta-synthase 844ins68 polymorphisms were not associated with increased risk of Down syndrome. CONCLUSION: These results point to a role of maternal polymorphisms of homocysteine/folate pathway as risk factors for Down syndrome. Genet Med 2006:8(7):409-416.
Down syndrome (DS) is caused by trisomy of either the entire amount, or a critical portion of chromosome 21. Birth prevalence increases with maternal age from 0.6 in 1,000 live births at 20 years up to 11 in 1,000 live births at 40 years. 1 In 95% of cases, DS is caused by a meiotic error occurring at meiosis I or II, mainly of maternal origin. 2 Despite huge efforts, the mechanisms underlying meiotic nondisjunction and the contribution of maternal age on trisomy 21 are poorly understood. Some studies suggest that genomic DNA hypomethylation may be associated with chromosomal instability and abnormal segregation. [3] [4] [5] On the other hand, impairment of folate metabolism has been causally related to both DNA hypomethylation and abnormal purine synthesis. 6 This combination leads to chromosomal breakage and deficient DNA repair surveillance that increase the degree of genomic instability. 7 Polymorphisms of genes of the homocysteine/folate metabolism may interfere with folate homeostasis, cellular methylations or both. Methylenetetrahydrofolate reductase (MTHFR) is a critical regulator of cellular methylations by catalyzing the conversion of 5,10 methylenetetrahydrofolate to 5-methyltetrahydrofolate, the methyl donor for the remethylation of homocysteine (Hcy) to methionine (Met) 8 (Fig. 1 ). This reaction is important for the synthesis of S-adenosylmethionine (SAM), the major intracellular methyl donor for DNA, protein and lipid methylation. The MTHFR 677T variant causes a reduced MTHFR activity and an increased need of folic acid to allow the remethylation of Hcy to Met. A second common MTHFR mutation, the A1298C transversion, causes decreased MTHFR activity. Both the 1298C and the 677T polymorphisms may affect DNA methylation. 9 The remethylation of Hcy to Met is catalyzed by the methionine synthase (MTR) enzyme, maintained in its functional state by the methionine synthase reductase (MTRR) reducing system. Two polymorphisms have been described in the MTR and the MTRR genes, A2756G and A66G, respectively, the former being associated with aberrant methylation in the homozygous state. 10 Cystathionine-beta-synthase (CBS) is a key enzyme in the transsulfuration of Hcy to cystathionine. The 844ins68 polymorphism, carried by nearly 10% of the general population, may cause lower tHcy levels compared to noncarriers, in particular after methionine loading. 11 A common mutation (A80G) of the reduced-folate-carrier gene (RFC1), leading to nonsignificantly decreased plasma folate levels, has been recently reported. 12 Finally, a G1958A polymorphism was identified in the methylenetetrahydrofolate dehydrogenase (MTHFD) gene, which encodes for a trifunctional enzyme that catalyzes the conversion of tetrahydrofolate to 10-formyl, 5,10-methenyl, and 5,10-methylenetetrahydrofolate, donor cofactors for nucleotide and DNA biosynthesis. 13 Based on this evidence, a number of studies from distinct geographic regions evaluated the role of polymorphisms of genes of Hcy/folate metabolism as maternal risk factors for DS with inconsistent results. Specifically, the maternal MTHFR C677T polymorphism was associated with increased risk of DS in the USACanadian and Brazilian populations 14 -17 but not in reports from Ireland, France, Turkey, Japan, and two Italian regions. 18 -24 Further, two studies found an association between the MTRR 66GG genotype and increased risk of DS, particularly when associated with the MTHFR C677T variant, 15, 18 while a study in a Sicilian population failed to confirm such association. 23 On the other hand, the Sicilian study first reported the effect of the MTR A2756G variant on the risk of DS that was stronger when associated with the MTRR A66G polymorphism. The MTHFR A1298C variant was associated with increased risk of DS in one study 16 while four other groups reported negative results. 17, 21, 23, 24 The RFC1 A80G and the CBS 844ins68 polymorphic variants were not associated with DS in one 24 and in two studies, 17, 24 respectively. The MTHFD G1958A polymorphism, previously associated with increased risk of neural tube defects, 25 has not been investigated as a risk factor for DS, yet.
Here we present a case-control study in a homogeneous population from Campania, Italy, of seven polymorphic gene variants of Hcy/folate metabolism. Gene-gene/allele-allele interactions and MTHFR haplotype analysis are also reported. Finally, all gene polymorphisms were analyzed according to maternal age at conception to assess whether specific genetic factors could contribute to the maternal age-effect on chromosomal nondisjunction.
SUBJECTS AND METHODS

Study population
Blood samples were collected from a total of 94 women who had given birth to children with kariotypically confirmed full trisomy 21. Mothers were recruited from the Department of Pediatrics, Federico II University of Naples, the regional referral center for DS. A total of 264 control-women were enrolled at the same University Hospital as follows: healthy women from the Blood Donor Center, women referring to the Department of Gynecology and Obstetrics for routine pregnancy checks and DNA samples from healthy women collected at the Department of Pediatrics. Among the control group, no history of abnormal pregnancy outcome was reported. All case and control women belong to the same ethnicity (Caucasian). Moreover, as a geographical variation among different Italian regions has been described for the MTHFR C677T polymorphism, 26 only case and control women born in the Campania region, Southern Italy, were included in the analysis. To calculate the age at conception, all case-mothers were interviewed for date of birth, age at delivery and gestational age of the offspring. Among the control group, these data were available and/or complete for a total of 134 subjects out of 264. The mean age at conception of case-mothers was 32.4 Ϯ 6.3 years. The mean age at conception of control-mothers was 30 Ϯ 5.6 years as calculated at the time of the last pregnancy. The distribution of genotype frequencies of the 134 control-mothers was comparable to those of the total control group. A potential bias deriving from hospital-based case-control studies was minimized according to the recommendations by Wacholder et al. and Schulz et al. 27, 28 All participants were recruited after informed written consent, according to the recommendations of the University ethical committee for studies that do not involve therapeutic trials or major invasive procedures.
Specimen collection and biochemical analysis
Genomic DNA was isolated from peripheral blood samples by NucleoSpin Blood kit (Macherey-Nagel), according to the manufacturer's instructions. Venous blood samples collected in EDTA-containing vacutainer tubes were centrifuged within 1 hour at 2,000g for 10 minutes and plasma aliquots stored at -70°C. Total plasma homocysteine (tHcy) was determined by high-performance liquid chromatography (HPLC).
Detection of mutations
MTHFR C677T: To enhance the sensitivity of the original method, 8 we modified the forward primer by introducing a new HinfI site as an internal control of the HinfI digestion. Primers for amplification were: forward 5=-ggtggaggccagcctctcctgactctcatccctattg-3=, reverse 5=-aggacggtgcggtgagagtg-3=. PCR conditions were: denaturation 94°C (1 minute), annealing 53°C (1 minute), elongation 72°C (1 minute) for a total of 39 cycles. PCR amplification generated a 294 bp fragment. The presence of the T-allele generated a HinfI site. After a HinfI digestion of the 294 bp PCR product, the mutant allele was detected as 25, 94 and 175 bp fragments. The 25 bp fragment represents the internal control of the HinfI digestion.
MTHFR A1298C: The mutation was detected using primers and conditions described by van der Put et al., 2000. 29 MTRR A66G: Since this mutation does not create or abolish a restriction site, a PCR-dependent diagnostic test was designed by taking advantage of a modified sense primer that created a NdeI site when the 66A allele was present (in the forward primer a C-underlined-replaces an A). In the antisense primer, an A (underlined) was introduced to create another NdeI site as internal control for digestion. Primers for amplification were: forward 5=-CAGCAGGGACAGGCAAA-GGCCATCGCAGAAGACAT-3=, reverse 5=-ctggtgatatcttactataccatatgaacaaacac-3=. PCR conditions were: denaturation 94°C (1 minute), annealing 56°C (1 minute), elongation 72°C (1 minute) for a total of 39 cycles. The PCR fragment was 254 bp long. When the 66G allele was present, the NdeI site was abolished and a 230 bp amplicon was obtained. The 24 bp fragment represented the internal control of digestion. When the 66A allele was present, a second NdeI site was created and a 196 bp fragment was obtained after digestion.
CBS 844ins68: Primers for amplification were: 5=-CTGC-CTTGAGCCCTGAAGCC-3=, 5=-CTGGACTCGACCTACC-GTCCT-3=. PCR conditions were: denaturation 94°C (1 minute), annealing 60°C (1 minute), elongation 72°C (1 minute) for a total of 39 cycles. When present, the 844ins68 insertion caused a ϩ68bp shifted band of the PCR product (242 bp instead of 174 bp).
MTR A2756G: The mutation creates a HaeIII site. To rely on an internal control, we introduced a HaeIII site by replacing an A with a G (underlined) in the antisense oligonucleotide. Primers for amplification were 5=-cagTGTTCCCAGCTGT-TAGATG-3=, 5=-gggaacttaagacactgaaggcctctg-3=. PCR conditions were: denaturation 94°C (1 minute), annealing 56°C (1 minute), elongation 72°C (1 minute) for a total of 39 cycles. When the A-allele was present, a 252 bp fragment was identified; when the G-allele was present, the PCR product was digested in 169 and 83 bp fragments.
RFC1 A80G: The mutation creates an HhaI site. Primers for amplification were: forward 5=-gcggggtagggaggcctgcag-3= and reverse 5=-GCTCTCCCCTGGCCGTATCTGCGCC-3=. The antisense oligonucleotide contains an HhaI site (underlined) used as internal control of the HhaI digestion. PCR conditions were: denaturation 94°C (1 minute), annealing 60°C (1 minute), elongation 72°C (1 minute) for a total of 39 cycles. The PCR amplification generated a 247 bp fragment. The mutant allele was detected by the presence of 21, 37 and 189 bp fragments. The 21 bp fragment represented the internal control of the HhaI digestion.
MTHFD G1958A: The G-ϾA transition abolishes a MspI restriction site. Primers for amplification were: forward 5=-cctggtttccacagGGCACTC-3=, and reverse 5=-CCACGTGGGGGCA-GAGGCCGGAATACCGG-3=. The antisense oligonucleotide contained a MspI site as internal digestion control. The forward primer included an intronic region to avoid the amplification of the MTHFD intronless pseudogene on chromosome X. PCR conditions were: denaturation 94°C (1 minute), annealing 60°C (1 minute), elongation 72°C (1 minute) for a total of 36 cycles. The PCR amplification generated a 310 bp fragment. After MspI treatment of the PCR product, the A-allele was detected by the presence of 282 and 28 bp fragments while the G allele was identified by the presence of 196, 86 and 28 bp fragments.
A quality control check for all the polymorphisms included direct sequencing of 10% of samples (ABI-PRISM 377 DNA Sequencer). Not all loci where amplified from every subject due to a limited DNA quantity or to technical problems with PCR amplification.
Statistical analysis
Allele frequencies were calculated for each polymorphism and the differences between mothers of children with DS and controls were determined by using the Pearson's 2 test. Odds ratios for both the heterozygous and homozygous mutant genotypes, as compared with the wild types, were calculated as the measure of the association between the heterozygous and homozygous mutant genotypes and a DS-affected pregnancy by standard 2 ϫ 2 contingency tables (EpiInfo software version 3.3, 2004) . The Hardy-Weinberg equilibrium of each polymorphism in cases and controls was tested by 2 test. Results of
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continuous data were expressed as medians Ϯ SD; comparisons between groups were performed by Mann-Whitney Utest. To explore the association between polymorphisms and maternal age at conception we divided the data-set into agequartiles, based on the distribution among controls (first quartile Յ26 years, second quartile 27-30 years, third quartile 31-33 years; fourth quartile Ն34 years) (SPSS software, version 12.0). To explore the possible interactions between mutant genotypes, we used the "two-by-four" approach, as reported elsewhere. 30 MTHFR haplotypes were inferred only for subjects with complete genotyping data (94 cases, 256 controls) using an accelerated Expectation-Maximization (EM) algorithm, which creates highly accurate population frequency estimates of the phased haplotypes based on the maximum likelihood as determined from the unphased input. 31 Fisher's exact test was used when appropriate. To correct for inflated alfa error resulting from multiple group comparisons within sets, we used the modified Bonferroni test provided by Keppel 32 that corrects for the number of chi-square tests and the degrees of freedom (df) involved in each test according to the formula: alfa (new) ϭ 1 -(1-alfa) df /number of comparisons. The adjusted P-value was considered as the new cut-off to determine statistical significance.
RESULTS
Allele frequencies and risk of Down syndrome
The frequencies of the MTHFR C677T, MTHFR A1298C, MTRR A66G, MTR A2756G, RFC1 A80G, MTHFD G1958A and CBS 844ins68 allelic variants were evaluated in mothers of DS children (cases) and controls. As shown in Table 1 , the frequency of the MTHFR 1298C allele in cases (38.8%) was significantly higher than in controls (30.3%), with a 1.46-fold increased risk of having a DS offspring. Similarly, mothers with the RFC1 80G allelic variant had a 1.48-fold increased risk of having a child with DS. No significant associations were found for the other polymorphic variants under study.
Genotype analysis and risk of Down syndrome
The analysis of the MTHFR, MTRR, MTR, RFC1, MTHFD and CBS mutant genotypes in the case and control groups showed again an association with the MTHFR A1298C and RFC1 A80G mutations (Table 2 ). These data indicate a 2.29-fold increased risk of DS in mothers with the 1298 A-ϾC substitution on both alleles compared to wild type. The presence of the RFC1 80GG genotype was associated with a 2.05-fold a P ϭ 0.04; b P ϭ 0.02. c The difference is significant using P-value adjusted for inflated error (adjusted P ϭ 0.043).
increased risk of DS. No significant differences were found for the remaining analyzed genotypes.
MTHFR A1298C, RFC1 A80G polymorphisms and maternal age at conception
Ninety-four cases and 134 control mothers were stratified in three groups by age at conception, i.e., maternal age Յ26 years, 27-33 years and Ն34 years, where the first group corresponded to the first quartile, the second group to the second and third quartiles and the third group to the fourth quartile (Table 3) .
MTHFR A1298C
Results indicate an association between the 1298C allele and mothers of children with DS aged Ն34 years (upper quartile) at the time of conception. In the same group, the presence of the 1298 CC or CA genotype (compared to 1298AA genotype) was associated to a 2.98-fold increased risk of DS (OR 2.98; 95% CI 1.08 -8.37). Table 3 shows the association between the RFC1 80G allele and maternal age at conception Ն34 years. Also, the 80GG genotype (compared to the 80 AA genotype) was associated with a 5.12-fold increased risk of DS in the same age-subgroup with a trend toward significance (OR 5.12; 95% CI 0.99 -33.88).
RFC1 A80G
No significant associations were demonstrated for the other genotypes (data not shown). a P ϭ 0.03; b P ϭ 0.04. c The difference is significant using P-value adjusted for inflated error (adjusted P ϭ 0.040). The distributions of all genotypes are in the Hardy-Weinberg equilibrium. No homozygosity for the CBS844ins68 insertion was found in the study population.
Study of gene-gene/allele-allele interactions and risk of DS
All the possible combinations between mutant genotypes at one or two loci (versus wild type genotypes) of MTHFR, MTRR, CBS, MTR, RFC1 and MTHFD genes were evaluated by a two-by-four table to assess the risk-excess due to the presence of two distinct mutant genotypes in the same woman. A significant positive interaction was found for the MTHFR 677TT genotype and the MTHFR 1298 CC or CA genotype (P ϭ 0.008 by Fisher's exact test), the 1298 CC or CA and the RFC1 GG or GA genotypes (P ϭ 0.03), RFC1 80GG and MTHFD 1958 AA genotypes (P ϭ 0.01 by Fisher's exact test) ( Table 4) . No interactions were found between the remaining analyzed genotypes.
Haplotype analysis
A linkage disequilibrium between the MTHFR C677T and A1298C polymorphisms has been reported. 33 Consistent with this observation, we performed a haplotype analysis. Table 5 shows a significant association between case-mothers and the T-C haplotype. It is worth noting that the MTHFR 677-1298 T-C haplotype was present in our population, whereas it was absent in two previous studies. 33, 34 However, the T-C frequency is lower than the expected allele combination frequency (as calculated from the frequencies of each allele at positions 677 and 1298), confirming a negative selection of the T-C haplotype.
Plasma tHcy levels
Plasma tHcy levels were 8.6 Ϯ 4.3 mol/L and 8.3 Ϯ 5.8 mol/L in cases and controls, respectively. No significant difference was observed between the two groups (P ϭ 0.69).
DISCUSSION
Down syndrome is the main genetic cause of mental retardation and a major public health concern. Despite the high incidence and social impact of DS, the available knowledge of its etiology and pathogenesis is incomplete. Since the first report by James et al. in 1999, 14 a wealth of studies have been a P ϭ 0.002; b P ϭ 0.04. c The difference is significant using P-value adjusted for inflated error (adjusted P ϭ 0.044). The first category corresponds to the first quartile, the second category to the second and third quartiles, and the third category to the fourth quartile. 
The difference is significant using P-value adjusted for inflated error (adjusted P ϭ 0.041). e The number refers to the total cases and controls analyzed for the distinct genotypes, as detailed in Table 2 , and represents the total gene-gene/alleleallele interactions allowed by the sample group. Haplotypes were inferred only from subjects with complete genotyping data.
conducted on the role of Hcy/folate metabolism in the pathogenesis of DS providing supporting evidence and new clues. [15] [16] [17] [18] [19] [20] [21] [22] [23] [24] However, the results greatly varied in the analyzed populations. The discordant data from subjects of distinct geographical regions may be explained by differences in the nutritional habits and genetic background of the populations. It is also reasonable that the weight of the single mutations is different according to ethnicity, thus pointing to the importance of selecting cases and controls within the same ethnic group. Accordingly, the present study explores the genetic risk profiles for DS and reports the analysis of seven polymorphic variants of genes of Hcy/folate metabolism, the gene-gene/allele-allele interactions among all polymorphisms and their association with maternal age at conception in a homogeneous population, providing the first evidence of genetic risk factors associated with advanced maternal age. Also, this is the first study investigating the role of the MTHFD G1958A polymorphism and of the MTHFR 677-1298 haplotypes in DS.
Our results provide evidence of a link between polymorphisms of genes of Hcy/folate pathway and increased risk of DS. In fact, the MTHFR 1298C and the RFC1 80G alleles were associated with increased risk of having a DS offspring; the risk was higher when the homozygous mutated genotype was analyzed. The MTHFR A1298C and the RFC1 A80G polymorphisms were shown to be genetic risk factors for DS in mothers belonging to the upper age-quartile of our data set. It has been proposed that chromosome 21 nondisjunctional process occurs more frequently with age progression as a consequence of an age-dependent derangement of meiosis-specific events. 35 In this case allelic variants, such as the ones affecting folate pathway, may functionally interact with other risk factors -as yet unidentified -to decrease the age-related surveillance for screening out aneuploid pregnancies. As risk factors may interact to produce a synergistic effect, we explored gene-gene interactions and found the first evidence of a positive interaction between the polymorphic variants of the MTHFR, RFC1 and MTHFD genes, while we could not confirm the interaction between MTHFR C677T and MTRR A66G found in other studies. [15] [16] [17] [18] These results provide further evidence for a major role of gene-gene interactions in the assessment of genetic susceptibility to DS. It can be hypothesized that blood folates and homocysteine levels influence the impact of the genotype. However in the case of the population analyzed in this study, results on total plasma homocysteine did not demonstrate a significant difference between DS-mothers and controls, pointing to a direct effect of certain genotypes as risk factors for DS. The haplotype analysis of the two polymorphic variants showed an association between cases and the MTHFR 677-1298 T-C haplotype. Indeed, two distinct mutations in CIS position within the same gene can functionally interact to decrease enzyme activity resulting in a stronger effect on the observed phenotype. The data reported in this study are consistent with the original hypothesis that polymorphisms of genes of Hcy/folate pathway may predispose to chromosome 21 nondisjunctional errors. [15] [16] [17] [18] 23 Our study failed to demonstrate an association of DS genetic risk with the MTHFR C677T variant, as reported elsewhere. 14 -17 This could be due either to an insufficient statistical power, or to a different weight of selected polymorphisms in distinct populations.
The present study bears some limitations. It is not population-based; however, we minimized potential bias affecting hospital-based case-control studies. 27, 28 As most of the studies carried out so far, it has a low statistical power, an expected caveat of studies involving genotypes present at high frequency in the selected populations. In this scenario, while positive results are indicative of consistent evidence, it is not possible to rule out the contribution of a genetic variant to DS on the basis of negative results (type II error, beta). Given the evidence of discordant conclusions in studies of moderate genetic risk factors for DS in different geographic regions, the findings of the study may not be generalized to other populations. This study does not distinguish between meiosis I and meiosis II errors; in this regard, the investigation of folate pathway derangement during the meiotic phase would clarify whether the folate pathway genes, shown to be risk factors for DS, play a major role in one of the meiotic phases and may provide a rationale for preventive strategies based on preconceptional folic acid supplementation. Finally, only mothers with live DS conceptions are included in this study, which might miss a possible association between polymorphisms and fetal viability. In fact, genetic variants may give either a survival disadvantage or advantage, as reported by Hobbs and colleagues for a possible association of the MTHFR 677 T allele with survival advantage. 36 Evidence of an impaired homocysteine-folate pathway associated with birth defects, such as neural tube and congenital heart abnormalities, has resulted in primary prevention measures based on folic acid fortification or supplementation. Studies on the prevalence of trisomy 21 following folic acid food fortification in USA and Canada failed to observe a reduced occurrence of DS. 37, 38, 39 However, there are two issues to be taken into consideration in the prevention of DS by folic acid: the dose and the timing of folic acid intake. It has been proposed that genomic instability is kept at the minimum level when plasma folates exceed 34 nmol/L and plasma homocysteine is Ͻ7.5 mol/L: these concentrations are difficult to be achieved by daily folate intake of Ͻ5 mg, a dose rarely provided by the current regimens of fortification and supplementation. 40 Indeed, the recent report of a decreased occurrence of DS offspring in mothers supplemented with high doses of folic acid (6 mg/day) 41 is consistent with the above observations and with an involvement of the homocysteine-folate pathway in the etiology of DS. Concerning the timing of folate intake, it should be taken into account that maternal MI errors may occur in a time-frame starting in the fetal ovary during the grandmother's pregnancy and ending at ovulation, whereas MII errors occur at the time of fertilization. Therefore, it is likely that only MII errors would be immediately affected by folic acid intake in adult women, while a reduced occurrence of meiosis I errors may not be appreciated until the following generation. 37 Data from this and other studies provide useful information for meta-analyses and underscore the relevance of gene combination studies in complex diseases such as Down syndrome.
